Using first-principles calculations, the phonon frequencies at the Γ point and the dielectric tensor are determined and analysed for the cubic and rhombohedral phases of BaTiO 3 . The dipole-dipole interaction is then separatedà la Cochran from the remaining short-range forces, in order to investigate their respective influence on lattice dynamics. This analysis highlights the delicate balance of forces leading to an unstable phonon in the cubic phase and demonstrates its extreme sensitivity to effective charge changes. Within our decomposition, the stabilization of the unstable mode in the rhombohedral phase or under isotropic pressure has a different origin.
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Barium Titanate (BaTiO 3 ) is a typical ferroelectric material that undergoes three temperature phase transitions, from a paraelectric cubic phase, stable at high temperature, to ferroelectric phases of tetragonal, orthorhombic and rhombohedral symmetry. There have been considerable efforts to identify the origin of the transitions in this particular ABO 3 compound [1] . Among them, let us point out the seminal theory of Cochran [2] . In the framework of a shell model, he relates the ferroelectric transition to the softening of a transverse optic phonon at Γ. Within his model, the interatomic forces are decomposed into short-range forces and long-range Coulomb (dipole-dipole) interaction. The latter is evaluated by means of a Lorentz effective electric field, assuming a local spherical symmetry at each atomic site. Interestingly, the decomposition isolates the contribution of each kind of forces on the frequency of the transverse modes and identifies the structural instability with the cancellation of the two contributions. Although meaningful, Cochran's model is only qualitative. The numerical investigation is subject to many approximations. Moreover, it was shown by Slater [3] that the Lorentz field is far from spherical.
In subsequent studies, it has been usually accepted that ferroelectricity in perovskites results from a delicate balance between short-range repulsions which favor the cubic phase and long-range electrostatic forces which favor the ferroelectric state. Although some calculations [4] illustrate this picture, they do not rely on a well defined separation of the interactions.
In contrast, a separation of the interatomic forces was proposed recently by Gonze et al. [5] . Without postulating any atomic site symmetry, they introduce an analytic form for the dipole-dipole interaction at the microscopic level from Born effective charges and dielectric tensor. This formulation, evaluated thanks to first-principles data, generalizes Slater's calculation of the Lorentz field [3] and can be used to refine Cochran's results [2] .
In our letter, we consider the cubic and rhombohedral phases as well as a compressed cubic structure. We first report dielectric tensor values, then compute the dynamical matrices and phonon frequencies at the Γ point and compare them with experiment. Separating a dipole-dipole interaction from the short-range remaining part of the dynamical matrix following Gonze et al. [5] , we quantify the balance of forces generating the unstable cubic phonon mode and investigate its sensitivity to effective charge changes. Within this decomposition, the hardening of the unstable phonon in the rhombohedral phase or under isotropic pressure has a different origin.
Computational details are the same as in Ref. [6] [7] [8] The computed dielectric tensor ǫ ∞ is presented in Table I in comparison to its experimental estimate in the cubic phase [9] . No previous values were reported for the rhombohedral phase. It is well known that the DFT-LDA usually overestimates the experimental ǫ ∞ . For the cubic geometry, the discrepancy is of the order of 25%. This error can be corrected in first approximation by the scissor operator technique [10] . For all cases, we have used a scissor shift of 1.36 eV that adjusts the bandgap at the Γ point in the experimental cubic structure to the value of 3.2 eV [1] . For the cubic phase, the scissor corrected ǫ ∞ (5.61) overestimates the experimental value (5.40) by less than 5%. For the rhombohedral structure, the values are globally smaller, especially along the ferroelectric axis. This goes hand-in-hand with the reduction also observed in this direction for Z * κ [8] .
There are 12 optical phonons in BaTiO 3 . In the cubic phase, we have three triply degenerate modes of F 1u symmetry and a triply degenerate mode of F 2u symmetry. Only the F 1u modes are infrared active, with LO-TO splitting, while the F 2u modes are silent modes that cannot be identified experimentally. Our values (Table II) at the optimized 3 volume are in close agreement with the experiment [11] as the theoretical results of Zhong et al. [12] . In particular, we reproduce the instability of the TO1 mode corresponding to the vibration of Ti and Ba against the O atoms. The phonon frequencies appear very sensitive to the small volume change from the experimental to the theoretical cubic phase, contrary to Z * κ [8] or ǫ ∞ . This is particularly true for the soft TO1 mode, whose instability even disappears in our compressed cubic phase.
Due to the long-range Coulomb interaction, the eigendisplacements of the TO modes (η T O ) do not necessarily correspond to those of the LO modes (η LO ). The overlap matrix Table III establishes however that the mixing of modes is very weak in the cubic phase ( M is such that M = M κ δ κκ ′ with M κ is the mass of atom κ).
In agreement with this observation, assuming that η LO and η T O are identical, the fictitious LO frequencies predicted on the basis of the oscillator strengths (Eq. 10 of Ref. [6] ) are respectively of 701, 214 and 508 cm −1 , in close agreement with the theoretical LO frequencies.
Note the giant splitting of the TO1 mode already mentioned by Zhong et al. [12] . In the rhombohedral phase (Table II) , each triply degenerate F 1u (resp. F 2u ) mode from the cubic phase gives rise to a mode of A 1 (resp. A 2 ) symmetry with eigendisplacements along the ferroelectric direction, and a doubly degenerate mode of E symmetry. E and A 1 modes are infrared and Raman active. The only relevant comparative result we found is experimental [13] and localizes the phonon frequencies in three regions (100-300 cm −1 , 480-580 cm −1 , and 680-750 cm −1 ) in qualitative agreement with our values.
All the modes are stable in the rhombohedral structure. Due to the small distortions, the eigenvectors remain very similar to those of the cubic phase. The phonon frequencies ω and the associated eigendisplacements η are deduced from the dynamical matrix A through the following equation:
The α and β indices denote the space direction while κ and κ ′ label the atom within the unit cell.
The ansatz proposed by Gonze et al. [5] can now be used to parametrize the dipole-dipole contribution to the interatomic force constant from the knowledge of Z * κ and ǫ ∞ , in the general case where these tensors are anisotropic [14] :
where 
The contribution of this dipole-dipole term to the dynamical matrix is evaluated using
Ewald summation technique [5] .
By this way, dipole-dipole (DD) and remaining short-range (SR) [15] parts of the dynamical matrix A can be isolated from each otherà la Cochran
(A = A DD + A SR ) and their partial contribution to ω 2 can be evaluated as follows:
A DD and A SR can then be modified independently in order to investigate their own influence on the instable mode.
In Table IV we report the values of ω 2 DD and ω 2 SR for the TO modes of the cubic phase at the optimized volume. We observe that the instability of the F 1u (T O1) mode originates from the compensation of two very large numbers, the DD interaction greatly destabilizing the crystal. Interestingly, this close compensation exists for the unstable mode only.
In the cubic phase, the large values of Z * T i and Z * O (responsible of the strong Coulomb interaction) are mainly produced by a dynamic transfer of charge along the Ti-O bond [8] .
Postulating A SR to be fixed, we can fictitiously reduce this transfer of charge by decreasing simultaneously Z * T i and Z * O , and monitor the F 1u (T O1) mode frequency changes. Figure 1 shows that ω In the rhombohedral structure, there is no unstable mode although the eigenvectors remain close to those of the cubic phase (see Table III ). It was found [8] that Z * κ are smaller in this ferroelectric phase, suggesting a smaller DD interaction, but this could be partly compensated by a reduction of ǫ ∞ . For the A 1 (T O2) mode coming from the soft mode, If we had kept the eigenvector unchanged, we would still have observed an instability (74i cm −1 ) for the A 1 (T O2) mode although much smaller. This means that the inclusion of the effective charges of the cubic phase is already sufficient to destabilize the crystal but at the same time produces a change of eigenvector enlarging the instability.
No more instability is present in the compressed cubic phase, although the global values of Z * κ do not differ significantly from those at the optimized volume [8] . Moreover, the 6 reduction of volume even increases the destabilizing effect of the DD interaction by 20%.
However, strong modifications of the SR forces produce a mixing of modes so that no one can be identified with the unstable mode observed at the optimized volume. If we replace A SR by its value at the optimized volume we recover a very large instability (437i cm −1 ). The disappearance of the unstable mode under pressure seems therefore essentially connected to a modification of the SR forces in contrast to its stabilization in the rhombohedral phase related to the reduction of Z * κ .
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